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Nanoscale materials often have stochastic material properties due to random distribution of
material defects and lack of sufficient number of defects to ensure a consistent average. Cur-
rent methods to measure the mechanical properties employ microelectromechanical systems
based tensile loading platforms. The nanoscale specimens are typically mounted manually
onto the loading platforms with external integration techniques so the boundary conditions
have random variations, complicating the experimental measurement of the stochasticity
in the natural state of the material properties. In this Ph. D. thesis, we show methods for
batch-compatible (i.e. monolithic) integration of nanoscale specimens cofabricated with the
tensile loading platforms. The specimens are gold nanowires of ∼ 40nm thickness, 350nm
to 410nm width (depending on the specimen), and 7µm length. The uniaxial micro tensile
loading platforms are interdigitated electrode electrostatic actuators. The experiments are
performed in a scanning electron microscope and digital image correlation is employed to
measure displacements to determine nominal stress and nominal strain. The ultimate tensile
strength of the nanocrystalline gold nanowires approach 1GPa, consistent with the smaller-
is-stronger paradigm.
The batch-compatible integration method is designed to microfabricate uniaxial micro tensile
testing platforms that are suitable for transmission electron microscope experiments. This
batch-compatible integration method is designed also to create nominally identical nanoscale
specimens and boundary conditions for a broad range of nanoscale materials provided the
nanoscale materials of interest are compatible with the etchants used in the microfabrication
processes.
Furthermore, in addition to the batch-compatible integration method, a generalized external
integration method that can be applied to free-standing thin-films is developed. Using this
method, mechanical behavior of single crystal gold metal, and single crystal gold-silver alloy
nanoscale specimens are extracted. For the extraction of the mechanical properties, similar
procedures followed for batch-compatible integrated nanoscale specimens are followed. For
single crystal gold nanoscale specimen, a Young’s modulus of 33.42±2.99GPa, and ultimate
tensile strength of 0.48±0.043GPa is obtained. For single crystal gold-silver alloy nanoscale
specimen, a Young’s modulus of 64.47± 5.23GPa, and ultimate tensile strength of 0.67±
0.043GPa is obtained.
Materials research community, and nanoelectronics industry may have direct interest on the
developed batch-compatible integrated nanoscale specimen and tensile testing platform.
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1.1 Goals of This Study
The goal of this Ph. D. thesis is to develop a micro tensile testing platform for in-situ scan-
ning electron microscope (SEM), and transmission electron microscope (TEM) experiments
to measure the natural state mechanical response (i.e. stress vs. strain behavior) of nanoscale
materials by reducing the variations due to experimental artifacts to a level significantly be-
low that of the natural state material response. In this thesis, by “natural state material
response” we mean the mechanical response of the nanoscale specimen material after the
entire microfabrication of the nanoscale specimen and the tensile testing platform is com-
pleted, and the nanoscale specimen is ready for mechanical characterization using the tensile
testing platform. In principle, if the natural state of the test material is the flawless state
(i.e. single crystal) of the material, then the experimental setup can be used to measure the
intrinsic mechanical response of nanoscale materials.
Another goal is to develop these experimental capabilities in a generalized batch-compatible
microfabrication approach, so that the micro tensile testing platforms, and nanoscale speci-
mens are nominally identical, and the approach can be implemented for many different types
1
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of nanoscale materials.
1.2 Introduction
The mechanical properties of microscale and nanoscale metals are of current interest due to
their frequent incorporation into nanoelectronics, micro-electro-mechanical system (MEMS)
and nano-electro-mechanical system (NEMS) devices. In general, it is observed that the
strength of the metals increases as the relevant size scales of the materials decrease [1–8].
Experiments demonstrate that the mechanical response of nanoscale materials is a function
of parameters as diverse as grain size [9–12], strain gradient [13], sample size [1, 14], initial
number or density of defects due to processing conditions [15, 16], as well as strain rate
[7, 17], among others. This behavior is often stated paradigmatically as smaller-is-stronger.
Less well appreciated is that the mechanical response of small scale (and especially
nanoscale) metals varies significantly from one specimen to another [1, 3, 7, 14, 18–20]
though they have nominally identical geometrical dimensions. Such a stochastic behavior
may be attributed to a combination of the natural sate stochastic mechanical response of
a nanoscale metal as well as the effect of random experimental artifacts. The natural sate
stochastic mechanical response is due to random distribution of material defects introduced
during material processing, as well as the fact that the typical defect spacing within a mate-
rial often scales with specimen size as was observed by Leonardo da Vinci for macroscale
specimens more than 500 years ago [21]. Random experimental artifacts are due to varia-
tions from one specimen to another in initial conditions (ICs), boundary conditions (BCs),
and specimen processing conditions, as well as the details of the experimental setups that are
used to measure the mechanical behavior of the nanoscale specimens. The goal of this Ph. D.
thesis is to develop experimental methods to measure the natural state stochastic mechanical
response of nanoscale materials by reducing the variations due to experimental artifacts to a
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level significantly below that of the natural state stochastic variation.
The mechanical properties of nanoscale metals, and other engineering nanoscale materials
are very difficult to characterize because of the small sample size, and the challenges that
arise due to handling conditions of these small samples. Variations of experimental artifacts
may be due to inconsistent loading conditions, sample handling, clamping, and alignment
issues, as well as contamination issues. For example, inconsistent loading conditions may be
involved in compression testing of micropillars [1, 22, 23], use of a nanoindenter to induce
three-point bending [14, 24], or nanoindentation of atomically thin materials [4, 25], due
to uncertainties in relative positions as well as surface contact uncertainties between the
sample surface and the indenter tip. Sample handling, clamping, and alignment issues may
be involved in micro tensile testing of nanoscale samples that are externally integrated by
mounting a nanoscale specimen onto an existing microscale loading device [[3, 26–32], and
supplementary material of [7]]. Further, contamination issues may be involved in micro-
tension testing where ion (or electron) beam induced deposition is used to affix the ends of
the test specimens to the loading device [3, 26], or in micropillar compression testing where
focused ion beam (FIB) milling fabricated samples are Ga+ ion diffused and heated which
may lead to impurities, defects, as well as change the natural state properties of samples
[3, 16, 33].
Thus, despite significant progress in experimental methods to characterize the mechani-
cal response of nanoscale metals, the randomness in the ICs, BCs, and loading conditions
must be controlled, and many nominally identical experiments must be performed, if the
natural state stochastic response is to be measured [34, 35]. The most effective method
to obtain nominally identical experiments is to minimize the randomness in the ICs, BCs,
and loading conditions by using a batch-compatible micro-nanofabrication regimen to fabri-
cate “nanoscale sample-MEMS device pairs” (called “pairs” from now on) [36] whereby the
nanoscale specimen and the loading device are concurrently fabricated and integrated with
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each other. Herein, we describe the monolithic integration of a “pair”, for in situ electron
microscopy experiments, and demonstrate that it overcomes all the challenges stated above.
1.3 Nanoscale Sample-MEMS Device Pair
Figure 1.1a shows a spring model of the “pair”. The thick line around the spring model
represents a “rigid frame”. The nanoscale sample is represented by a spring with unknown
stiffness, ks, that is, in general, nonlinear and may undergo large axial tensile deformations.
A force, Fes, couples the right end of the specimen (Point B) to the force generating mecha-
nism. A force sensing spring with a known linear stiffness, k f s, connects the left end of the
specimen (Point A) to the rigid frame. The force carried by the sample is the same as that
in spring k f s, which is determined by measuring the displacement of Point A relative to one
of the fixed reference points Ref. #1 or Ref. #2 on the “rigid frame”. The distance between
Point A and Point B upon application of Fes is a direct measure of the change in length of the
specimen. Symmetrically located suspension springs, kss, and auxiliary springs, kas, serve to
ensure both proper placement of the specimen within the rigid frame as well as mechanical
stability (i.e. pull-in stability) of the force generating mechanism structure during actuation.
We fabricate the “pair” using a silicon on insulator (SOI) wafer, which consists of a thin
crystalline silicon layer (device layer) atop an amorphous buried oxide (BOX) layer bonded
to a crystalline silicon substrate (handle layer). All components of the MEMS device are
fabricated in the device layer. The mobile components of the MEMS device are released by
etching away the BOX layer. The fixed components of the MEMS device maintain some
connection to the handle layer via the BOX layer.
We now describe the mechanism employed to generate the force Fes. A plethora of mecha-
nisms is available, including piezoelectric actuator [37], thermal actuator [26], commercially
available nanomechanical transducers [31, 38], electrostatic actuator [26], atomic force mi-
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croscope (AFM) [39], electrostatic inchworm [40] and a residual stress driven [41] mech-
anism, among others. As shown in Figure 1.1b, we choose to use an electrostatic comb-
actuator, which is a two-plate capacitor with increased surface area to enhance capacitance
to obtain a concomitantly greater capability to generate electrostatic force [42]. One of the
plates of the comb-actuator is a fixed rigid-body, while the other plate is a suspended mo-
bile rigid-body, which has the capability to move in the plane of the device layer under
applied electrostatic forces [43, 44]. The mobile plate of the actuator is connected rigidly to
the nanoscale sample.
We now describe how the stress and the strain on the specimen are calculated. The force
carried by the specimen is determined by measuring the displacement of a force sensing
spring (Figure 1.1c) and the elongation by direct measurement of relative displacements of
the ends of the specimen (Figure 1.1d) [37]. Hence, detection of the displacement of Point A
relative to either Ref. #1 or Ref. #2 as well as its displacement relative to Point B, along with
calculation of k f s are required. Various displacement detection techniques such as direct
measurements from SEM micrographs [37, 39], differential capacitive sensors [26], digital
image correlation (DIC) on optical microscope images [40], DIC on SEM micrographs [38],
and other correlation algorithms on SEM micrographs [45, 46] can be implemented. We
choose to use DIC on SEM micrographs for the measurement of displacements. In addition,
the force sensing spring consists of a doubly clamped silicon beam, which has a [100] crys-
tallographic direction normal to the top surface and deflects in the in-plane [110] crystallo-
graphic direction. Thus, the spring constant, k f s, can be determined from the geometry and
the silicon anisotropic elastic properties [47, 48]. We then calculate the nominal stress as
force per unit original cross-sectional area and nominal strain as the extension normalized
by the initial gauge length of the specimen based on the assumption that all deformation
occurs within the gauge length.
Sacrificial structures are used to keep the MEMS device intact during the microfabrication
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process [49]. Herein, the sacrificial structures are located between the mobile and fixed
plates of the comb-actuators (cf. detail view of Figure 1.1b) and surround the nanoscale
sample (cf. detail view of Figure 1.1c). They enable the integrated nanoscale samples to
survive the microfabrication process conditions, electrostatic discharge phenomena, as well
as the vibrations when transporting “pairs” within the laboratory prior to the tension test
experiment being performed in situ SEM. The sacrificial features are FIB milled immediately
prior to the sample characterization.
The nanoscale sample shown in Figure 1.1d is suspended between two mobile silicon
structures (with much larger cross-section than the sample) that connect the sample to both
the force sensor spring and the MEMS actuator [37]. The gold sample has thickness of
∼ 40nm, width of 350nm to 410nm (depending on the sample), and gauge length of 7µm.
The colored regions of interest (ROIs) shown in Figure 1.1d, representing Point A, Point B,
Ref. #1, and Ref. #2 in Figure 1.1a, are used for DIC displacement measurements.
1.4 Externally Integrated Specimens
Due to great interest in characterizing the mechanical behavior of many different types of
nanometer scale materials, MEMS devices (without the batch-compatible integrated speci-
men) are used as a micro tensile testing platforms for externally integrated nanoscale spec-
imen characterization such as single crystal gold-silver alloy, and single crystal gold metal.
The details are in Chapter 4.
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Figure 1.1: Overall view, and details of the designed system. (a) Spring model schematic
of the “pair” (b) Overall view of the “pair” from an intermediate step in the mi-
cro/nanofabrication process (The detailed view shows one of the sacrificial features that must
be removed before the sample characterization experiment is performed). (c) Details of the
force sensor and the auxiliary springs (The detailed view shows sacrificial features that must
be removed before the experiment is performed). (d) Nanoscale sample region. The colored
Region A, Region B, Region Ref. #1, and Region Ref. #2 are shown as points and lines in




The microfabrication process flow is composed of 3 masks, and 6 major groups of process
steps. For the batch-compatible integration of the “pair”, in essence, we first deposit the
thin-film material for the specimen layer, and then we fabricate the MEMS device concur-
rently with the specimen. In this microfabrication approach, the main challenge is to keep
the nanoscale sample intact, up to the moment when the sample is tested under desired ex-
perimental conditions in situ SEM.
In Section 2.2, we briefly explain how the “pair” is microfabricated. In Section 2.3, we
explain the details of the microfabrication process. In Section 2.4, the difficulties that are
encountered during the microfabrication process, and solutions to the these difficulties are
presented. In Section 2.5, our contribution to the microfabrication of micro tensile testing
platforms, and the experimental techniques are emphasized. In Section 2.6, several micro-
graphs of the micro tensile testing platform, and nanoscale specimen are presented.
8
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2.2 Brief Micro-nanofabrication Process
First, an SOI wafer is cleaned from native surface oxide (cf. Figure 2.1a). Second, using
a lift-off procedure, a stack of chromium/gold/chromium layers is deposited to the sample
region as 15nm/40nm/10nm layers, respectively (Figure 2.1b), where the first chromium
layer is used as an adhesion layer between silicon and gold, gold is used as the sample layer,
and the upper chromium layer is used as a protective layer for gold specimen layer. Next,
a blanket layer of 25nm chromium is deposited (Figure 2.1c) as a hard mask for deep re-
active ion etching (DRIE). Furthermore, the device layer silicon is covered with ∼ 160nm
thick anti-reflective coating (ARC), and standard photolithography steps are followed for
∼ 500nm thick photoresist mask definitions. Using oxygen plasma etching, the mask pat-
tern is transferred to the ARC. The remaining stack of photoresist and ARC are used as an
ion-milling mask to transfer the mask pattern to the 25nm blanket deposited chromium and
to the Cr/Au/Cr stack of layers at the sample region (Figure 2.1d and the zoomed detail).
Then, the device layer of the wafer is protected with a sacrificial layer resist to keep it con-
tamination free from the coming steps of the microfabrication process. Photolithography
procedures are applied to the handle layer in order to define the back-side mask (not shown
in Figure 2.1). During the development of the resist covering the handle layer, the sacrificial
resist protecting the device layer is removed as well. After these steps, the masks required on
both sides of the SOI wafer are completed and the silicon layers on both sides of the wafer are
ready for DRIE to give the 3D structure of the MEMS testing platform. Initially, the device
layer is etched (Figure 2.1d and e). In order to obtain a pure gold test sample, the materials
that are sandwiching the gold sample are removed using appropriate liquid chemicals (Bosch
process polymer removal with ALEG 310, silicon removal with polysilicon etch [50], and
chrome etching with CR-14) (Figure 2.1f, and the zoomed detail). During this procedure, the
handle layer photoresist mask is protected from the chemicals with a single side wet etching
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tool from AMMT GmbH. Then, the handle layer silicon is etched (Figure 2.1g). Now, the
BOX is the only layer that keeps the device layer and the handle layer attached to each other.
Before the release of the structures from BOX, the SOI wafer is diced into chips. Then, the
release process is done chip by chip. Each chip is kept in hydrofluoric (HF) acid vapor until
the mobile structures of the MEMS are released. Electrical wires between the touch pads of
the MEMS actuator and corresponding printed circuit board (PCB) pads are soldered (not
shown in Figure 2.1). Finally, the sacrificial structures (insets of Figure 2.1b and c) are FIB
etched just before the nanoscale sample characterization experiment (See Figure 2.2).
2.3 Detailed Micro-nanofabrication Process
The microfabrication of the “pairs” involves 3 masks, and 6 major groups of process steps.
The micro/nanofabrication steps are designed such that the surface of the SOI wafer will have
the lowest possible surface topology for the sake of the coming steps of the microfabrication
until the release of the “pair”. For example, in the end of the Mask#1 definitions, the surface
topology on the device layer is only on the order of 65nm and in the end of the Mask#2
definitions, surface topology is still only on the order of ∼ 300nm. This type of microfab-
rication design approach gives the flexibility to spin new and thin layers of high resolution
photoresists without feeling the adverse effects (such as low surface coverage quality) of the
surface topology on the substrates.
The process flow is presented in a table form in Figure 2.5.
2.3.1 Masks and Process Step Sequences
The microfabrication process is completed with 3 masks, which are named as below:
1. Mask#1: Sample Layer Deposition
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  (b)  (a)
  (c)   (d)
  (e)   (f)
  (g)   (h)
  Si   Cr  BOX Au
Figure 2.1: The main steps of the microfabrication process: (a) Blank SOI wafer. (b) First
mask is for the deposition of adhesion layer (15nm Cr), sample layer (40nm Au), and pro-
tective layer (10nm Cr) materials to the selected region only. (c) A conformal blanket layer
of 25nm Cr is deposited. (d) Second mask is for the definition of the Cr hard mask for the
MEMS device, and the nanoscale sample geometries. Then, the device layer is protected
with a sacrificial layer of “positive tone resist”, and a thick layer of photoresist is spun on
the handle layer in order to define the back side DRIE etching photoresist mask (Not shown
in the figure). (e) DRIE is done to etch the device layer silicon. (f) Bosch process polymer,
residual silicon, and chromium sandwiching the sample are stripped from the sample. (g)
Third mask is used to DRIE etch the handle layer. (h) HF vapor is used to etch BOX, and
release the MEMS structures.
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Figure 2.2: “Pair” in the end of the HF vapor release process. (a) Overall view. (b) The
sample. It is ultra-thin, 40nm, and buckles in the end of the HF vapor release process due to
the local compressive stress state of the SOI wafer.
2. Mask#2: “MEMS Device-Nano Sample Pair” Geometry Definitions
3. Mask#3: Back Side Deep Etching Geometry Definitions
The 6 major groups of process steps:
1. Preparations
2. Sample Layer Deposition (Mask # 1)
3. “MEMS Device-Nano Sample Pair” Geometry Definitions (Mask # 2)
4. Back Side Deep Etching Geometry Definitions (Mask # 3)
5. Front-side and back-side deep etching of the SOI wafer
6. Release
In the following, we explain the details of each major process step.
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2.3.1.1 Preparations
This section explains the steps that are required to make sure that the SOI wafers are clean
from any residues and native surface oxide, which cause serious surface adhesion and release
issues during the release of the nanoscale samples if wafers are not treated properly at the
very beginning of the microfabrication process. Here, the wafers are kept in diluted HF
in order to clean the wafers from any residues and native surface oxide. If this cleaning
procedure is not performed, the native surface oxide below the materials that are deposited
in the coming step causes release issues in the end of the microfabrication process. In other
words, the destiny of the functionality of the cofabricated “pairs” is determined at the very
beginning of the microfabrication process (See Figure 2.1a for the initial state of the SOI
wafer).
2.3.1.2 Sample Layer Deposition (Mask 1)
Lift-off procedure steps with a negative tone resist are used to deposit a stack of layers that
are composed of adhesion layer chromium, sample layer nanocrystalline gold, and protective
(as well as adhesive) layer chromium to certain regions on the device layer silicon as 15nm,
40nm, and 10nm thick layers, respectively (See Figure 2.1b).
Here it is important to make sure that the surface of the device layer silicon at the devel-
oped regions is clean from any type of organic residues and native surface oxide. To make
sure that the surface has the desired conditions after the negative tone resist is developed, the
wafers are DI water rinsed, and blow-dried with nitrogen gas. Then, the wafers are kept in
oxygen plasma for a certain amount of time to remove any resist residues from the developed
regions. Then, the wafers are dipped in HF, and rinsed in DI water, and blow-dried with ni-
trogen gas again. Finally, with the intention to minimize the formation of native oxide on
the photoresist developed surfaces, the wafers are quickly transferred to the thermal evapo-
ration chamber. Then, 15nm chromium, 40nm gold, and another 10nm of chromium layer
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are thermally evaporated. After the thermal evaporation of the layers, the wafers are kept in
resist stripper to complete the lift-off procedure (See Figure 2.1b).
2.3.1.3 “MEMS Device-Nano Sample Pair” Geometry Definitions (Mask 2)
These steps are where the layers for the mask definition of the “pair” geometry are deposited
and eventually defined.
For the same reasons stated in section 2.3.1.2, the wafers are dipped in HF, rinsed in
DI water, and nitrogen gas blown to dry. After that, the wafers are quickly transferred to
the thermal evaporation chamber to minimize the formation of native surface oxide. Then, a
blanket layer of 25nm thick chromium is deposited as part of a hard mask for Bosch process.
Following the blanket 25nm thick chromium layer deposition, ∼ 160nm thick ARC is spun,
and cured on the device layer silicon. Then, standard steps are followed to cover the device
layer silicon with ∼ 500nm thick high-resolution i-line photoresist in order to use it as a
mask with 5X reduction optical lithography system. After the development of the high reso-
lution i-line photoresist, the remaining photoresist is used as a mask to transfer the pattern to
ARC in oxygen plasma in order to reach the surface of 25nm blanket deposited chromium.
The rest of the high-resolution i-line resist (∼ 300nm) and ARC (∼ 160nm) are used as ion-
milling mask until the device layer silicon surface is reached after ion-milling the blanket
deposited 25nm chromium regions, or the stack of 15nm adhesion layer chromium, 40nm
nanocrystalline gold, and 10nm chromium layers (See Figure 2.1d, and zoomed detail image
for layers). In other words, the spun ARC and the remaining high-resolution i-line resist are
used as ion milling masks to reach the surface of the device layer silicon across the whole
wafer irrespective of what sits on the surface of the device layer silicon. Then, the wafers are
kept in hot resist stripper bath to remove the remaining high-resolution i-line photoresist, and
residues from the ion-milling process (Here, a logical question to ask might be the effect of
hot resist stripper bath on ARC. The ARC is not severely affected from the hot resist stripper
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bath in a way that may hinder the rest of the process). After that step, without doing any
significant processing on the remaining ARC, ion milling patterned 25nm thick blanket de-
posited chromium, and 15nm/40nm/10nm thick stack of chromium/gold/chromium layers,
the device layer silicon side of the wafers are covered with a sacrificial layer of “positive
tone resist” to prevent the device layer silicon surface from scratches and dust particles that
might stick to the surface in the coming steps of the process. Then, after the prebake of the
resist is completed, this positive tone resist is flood exposed to UV light, and left in this state
as a protective layer with the intention that it is going to be developed from the surface when
the next photoresist development is performed in the coming steps.
2.3.1.4 Back Side Deep Etching Geometry Definitions (Mask 3)
After protecting the front side of the SOI wafer with flood exposed positive tone photoresist,
photolithography procedures are applied to the back side of the wafer in order to define the
back-side mask. Then, the resist from the back side is developed, and concurrently, the
flood exposed “positive tone resist” from the front side is also developed because the whole
wafer is dipped into the developer without protecting the front side of the wafer. After this
photoresist development step, in order to make sure that there are no resist residues left on
the front side of the wafer, the back-side of the wafer is protected with a tool called “Single
series wafer holder” from AMMT GmbH, and the wafer is kept in resist stripper for longer
time, then rinsed in DI water, and nitrogen gas blown to dry. After all of these steps, the
required masks on both sides of the wafers are defined, and ready to be used for the DRIE of
the silicon layers from both sides of the wafers.
2.3.1.5 Front-side and Back-side Deep Etching of the SOI Wafer
Using Bosch process, device layer silicon is etched using the already defined ARC and
ion milling patterned 25nm thick blanket deposited chromium mask (See Figure 2.1d, and
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Figure 2.1e, and zoomed detail images). Since one of the main purposes is to have pure
gold test samples, the Bosch process polymer residues are removed using ALEG 310; sil-
icon layer below the test sample region is etched away with freshly prepared polysilicon
etchant; chromium layers sandwiching the gold sample are removed with CR14 chromium
wet etchant (Figure 2.1f, and zoomed detail image). While those wet etching processes are
performed, the back-side of the wafer is protected by the same tool from AMMT GmbH
which we used previously in our microfabrication. Once the microfabrication of the device
layer silicon of the wafer is completely finished, then the handle layer wafer is etched by
Bosch process (Figure 2.1g). In the end of all of the microfabrication steps at that point, we
have SOI wafers that are processed from both sides of the wafer, where BOX is the only layer
that keeps device layer silicon and handle layer silicon attached to each other (Figure 2.1g).
2.3.1.6 Release
The overall release process sequence is composed of cleaving the wafer to chip dice, sol-
dering the touch pads of the comb-actuator electrodes to a PCB, keeping each PCB attached
chip die in HF vapor till the BOX is completely etched from the mobile structures of the
MEMS devices in each chip, and final FIB milling (i.e. 30kV, and 0.28nA for the milling of
the structures closest to the test specimen, and highest currents for the rest of the structures)
release of the sacrificial structures (See Figure 1.1b and c) that keep the mobile and fixed
electrodes of the comb-actuator with no relative displacement with respect to each other.
2.4 Hindrances in the Micro-nanofabrication Process
There are five main challenges to obtain functional “pairs”. Two of them are concentrated
on the processes between Figure 2.1a to d. The other three challenges are concentrated to
the processes between Figure 2.1f to g, Figure 2.1g to h, and the final FIB release of the
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sacrificial structures.
For the processes between Figure 2.1a to d, designing a process such that all the “mask
patterning” processes are done before doing any high surface topology processing on the
wafers (e.g. DRIE in Figure 2.1e.) is crucial in order to be able to spin coat ARC, and a high
resolution photoresist for the patterning of the critical dimension (width) of the nanometer
scale gold test samples. In addition, selection of suitable thicknesses for the sample, and
the layers sandwiching the sample is crucial to engineer the stress state of the final stack of
layers to have high yield test samples after the release of the samples.
For the Bosch process steps between Figure 2.1f to g there are four issues to overcome.
Firstly, if the masks are not designed accordingly, when the unmasked regions at the back-
side of the wafer are completely etched with Bosch process, then the strength of the wafer
reduces in an uncontrollable way. As a result, the wafer becomes fragile. The fragility
of the wafer affects the rest of the processes. Secondly, stability of the wafer temperature
(maintained by the cooling plate of the etching tool) is an important consideration. If the
temperature cannot be kept within the desired operating range, photoresist properties (i.e.
uniform selectivity, high selectivity) are degraded. This causes nonuniform silicon etch rate
differences across the wafer, and faster consumption of the photoresist before the completion
of the silicon etching process. Third hindrance happens while the back-side of the wafer is
being etched through. Bosch process is a cyclic process that causes cyclic pressure differ-
ences between the two sides of the SOI wafer. As the thickness of the handle layer silicon
is consumed, the pressure difference between the two sides of the wafer causes the wafer to
bulge, and eventually crack along BOX due to sharp edges, and corners where silicon and
BOX reach each other. Fourth, after the DRIE process, the residual compressive stress on
the BOX is rearranged because of the transient process where unmasked part of the handle
layer is removed until BOX is reached. This stress rearrangement causes inevitable displace-
ments on the wafer, enough to elastically buckle the ultra-thin samples which are exposed
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to compressive strain, or enough to fail most of the samples, which are exposed to tensile
strain.
For the HF vapor release steps between Figure 2.1g to h there are two issues. First, the
residual stress on the entire wafer is rearranged, and the biggest portion of compressive stress
on the BOX is removed because of the transient process when most of the BOX is removed.
This stress rearrangement again causes inevitable, small displacements on the wafer, which
are large enough for the failure of most of the nanoscale samples by generating tensile strain
on the released samples. Second, at the very beginning of the microfabrication (Figure 2.1a),
the existence of native surface oxide on the device layer, below the 15nm/40nm/10nm lay-
ers, causes undercut issues for the nanoscale sample during the HF vapor release. This results
in detachment of the integrated nanoscale sample from the MEMS device.
In the final release of the “pair”, FIB cutting of the sacrificial structures is done. During
this step, if the electrodes of the MEMS actuator are not kept at zero potential difference
with respect to each other, the electron exposure (from the SEM), or Ga+ ion exposure (from
the FIB source) of the electrodes of the MEMS device causes the MEMS device to actuate,
and to strain the sample up to failure before the sample characterization. To overcome this
bottleneck, MEMS device electrodes are forced to ground potentials (e.g. 0V) while FIB
cutting the sacrificial structures or observing the “pair”.
2.5 Advances in “Batch-compatible Sample-MEMS device
Pair” Fabrication and Experimental Methods
Here we explain the salient points of the fabrication to have batch-compatible integrated
“pairs”. It is clearly stated that there is a need for contamination free, samples that are
sub-10µm long and batch-compatible integrated to a MEMS tensile-testing platform [36] in
order to have samples that are perfectly aligned with the tensile testing axis of the MEMS
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platform. Using the seven key procedures stated below, these needs are satisfied.
The first key idea in our process was to keep the sample contamination free. To accom-
plish this, the “sample layer gold” was sandwiched between a “bottom layer Cr” and two
upper layers of Cr. The “bottom layer Cr”, the “sample layer gold”, and “first upper layer
Cr” covers a 160µm by 160µm area, which is the green colored region in Figure 2.1b, while
the “second upper layer Cr” is blanket deposited on the whole wafer (Figure 2.1c). There
were two main reasons to do this. First, the “bottom layer Cr” serves as an adhesion layer.
However, Cr is tensile stressed after evaporation, which induces a tensile stress on the next
deposited layer (gold) after the release of the layers. If precautions are taken with stress lev-
els, the yield of healthy samples is increased. After the deposition of the “sample layer gold”,
the “first upper layer Cr” serves as a protective layer and an adhesion layer for the following
blanket deposited “second upper layer Cr”, while the combination of “first upper layer Cr”
and “second upper layer Cr” serves as layers that induce approximately the same residual
stress level from “bottom layer Cr” into the “sample layer gold”. Second, the “second upper
layer Cr” serves as a hard mask (Figure 2.1d, and the detailed view) to remove the silicon be-
low the nanoscale samples, and to carve the MEMS tensile testing platform (Figure 2.1e, and
the detailed view). Eventually, our goal was to leave only pure gold at the gauge length of
the specimen. To achieve this, we used Bosch process polymer remover ALEG 310, polysil-
icon etchant [50], and CR-14 wet etchant to remove the residues surrounding the sample
(Figure 2.1f).
The second key process step for the functionality of the “pair” was to initially make sure
that the substrate surface was free of any residues and native surface oxide. Because, during
HF vapor release (Figure 2.1h), the native surface oxide between the silicon substrate and
the Cr adhesion layer causes the Cr adhesion layer (hence, the nanoscale sample) to detach
from the silicon surface.
The third key idea was to keep the wafer topology at low levels until all of the mask pat-
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terns are transferred on both sides of the wafer. This way, we could process high resolution
photoresists with good surface coverage to obtain smaller features. However, this was a chal-
lenge because we had to do DRIE on both sides of the wafer. To overcome this challenge,
once we prepared the final mask for the device layer, we protected this mask with a sacrificial
resist layer that allowed us to work on the handle layer patterning of the wafer without con-
taminating the device layer. While the development of the photoresist from the handle layer
mask was done, the sacrificial resist from the device layer was also removed, because both
sides of the wafer were exposed to the handle layer photoresist developer. Then, In order to
make sure that there are no resist residues left on the front side of the wafer, the back-side of
the wafer is protected with a tool called “Single series wafer holder” from AMMT GmbH,
and the wafer is kept in resist stripper to remove even the smallest residues of the sacrificial
photoresist. Then, the wafer is rinsed in DI water, and nitrogen gas blown to dry.
The fourth key idea was to use only one mask to define both the sample, and the MEMS
platform. There were two advantages and one challenge to succeed. First, this key idea
allowed us to obtain perfect alignment between the tensile testing platform and the nanoscale
sample (detailed view of Figure 2.1d). Second, this approach allowed us to transfer the
pattern from a thin resist mask to the Cr hard mask in one step, after which the pattern on
the hard mask was used for further processing. The challenge was to find a way to remove
the majority of silicon layer right below the gauge length of the sample (detailed view of
Figure 2.1e). We employed the scalloping effect (See Figure 2.3) of the Bosch process to
remove the majority of silicon from below the gauge length of the samples (See Figure 2.4).
The fifth key idea was a judiciously choice of the thickness of the sample. Due to the
changes in the stress state of the wafer after back-side silicon etching (Figure 2.1g and h), it
is impossible to know about the stress state of each individual released sample and MEMS
device. In the end of the release, the sample can be under compression, tension or can be
at neutral state. One expects thick samples (> 200nm) to survive a residual tensile stress,





Figure 2.3: One cycle of DRIE with Bosch process.
but under a residual compressive stress such samples tend to buckle and break. For thinner
samples (∼ 40nm), a high tensile stress tends to break the specimens, while the specimens
under compression buckle but does not break. We have chosen to work with the samples that
are ∼ 40nm thick for the following reasons: In terms of novelty, thinner samples would give
more opportunities for research an exploration. Thinner samples would be feasible for in-situ
TEM experiments because of their electron transparency at ∼ 40nm or below thicknesses.
Furthermore, thinner samples mean less number of atoms for samples of the same length
and width. Less number of atoms would be a more reasonable choice for the atomistic scale
simulations that are planned to be done in the future.
The sixth key idea was to use a support structure around the nanoscale specimen, force
sensor, and auxiliary spring. Once the SOI wafer is etched from both sides, the released BOX
layer becomes the dominant mechanical structure (in terms of stiffness and residual stress)
around the specimen. Due to the residual compressive stress on the released BOX layer,
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2µm
scallops
Figure 2.4: Application of the scalloping effect to remove the silicon below the narrow PR
masks.
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the BOX layer buckles, and deforms out-of-plane in both directions. The support structure
around the nanoscale specimen, force sensor, and auxiliary spring is used to reduce the mag-
nitude of out-of-plane displacements around the sample region after the SOI wafer is etched
from both sides. After the BOX layer is etched with HF vapor, then the residual compressive
stress due to BOX layer is removed from the MEMS structure, and the specimens survive
the dynamic stress changes during the removal of the BOX layer.
The final key step involved release of the “pair”. We found that a one-step release process
results in low yield. Thus we performed “release on an as-needed basis” in a multistep pro-
cess. The final release of the MEMS mobile plate from the fixed plate is done by FIB milling
inside the scanning electron microscope chamber right before the sample is mechanically
characterized. During the FIB release, the electrodes of the actuator are kept at zero elec-
trical potential difference to prevent undesired actuation of the MEMS device, which would
cause tensile forces on the samples and eventually break them before the actual tensile test
is done.
2.6 Micrographs of the MEMS and Nanoscale Sample Pair
Here, from Figure 2.6 to Figure 2.14, we show micrographs of batch-compatible integrated
“pairs”.
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step # Description Comments
1 Start with SOI wafer
2 Clean wafer surfaces Firstly clean with acetone and IPA
3 60 sec of HF Dip (100:1), or 15 sec of BOE (30:1) HF Dip (100:1), or BOE (30:1) to make sure there is no oxide on the surface
4 "DI water rinse" and "Nitrogen gas blow" to dry substrate surfaces
5 Spin P-20 adhesion promoter Wait for 7 sec. so the promoter is spread on the surface before spinning the promoter
6 Spin nLOF 2020 to device layer thickness (DLT) (Negative photo resist for lift-off 
procedure)
Spin speed: 2500 RPM, acceleration: 1000RPM/sec, spin time: 60 sec
7 Pre-bake PR At 110°C for 60 sec
8 UV expose with AS200 5X stepper Exposure time: 0.06 sec, negative mask
9 Post-bake PR At 110°C for 60 sec
10 Develop PR Developer: MIF 300, Time: 120 sec, manual development
11 Descum PR Tool: Oxford80#1 or Oxford80#2, Recipe: Oxygen Clean, Time: 15 sec
12 HF Dip (100:1), or BOE (30:1) to make sure there is no native surface oxide Native surface oxide is removed from the SOI wafer
13 "DI water rinse" and "nitrogen gas blow" to dry substrate surface Wafer surface is dried. Quickly go to thermal evaporation tool!
14 Thermal evaporation of Chromium (Cr#1) as adhesive layer using SC4500 Odd-Hour 
Evaporator
~ 15nm as adhesive layer (Cr#1), deposition rate: ~ 0.3 Angstrom/sec
15 Thermal evaporation of Au (Au#1) sample layer ~ 40nm as sample layer (Au#1), deposition rate: ~ 0.4 Angstrom/sec
16 Thermal evaporation of Chromium (Cr#2) as adhesive and protective layer using              
SC4500 Odd-Hour Evaporator
~ 10nm as adhesive and protective layer (Cr#2), deposition rate: ~ 0.3 Angstrom/sec
17 Lift-off procedure with AZ 300T photoresist stripper Au sample layer is formed on the SOI wafer, total lift-off time: ~10 hours
18 Clean wafer surfaces Acetone, IPA, HF Dip (100:1) for 60 sec, "DI water rinse", and finally "Nitrogen gas blow"
19 Thermal evaporation of Chromium (Cr#3) as hard mask using SC4500 Odd-Hour Evaporator ~ 25nm thick blanket deposited Chromium (Cr#3) as hard mask layer
20 Spin Anti Reflective Coating (ARC) [Name of  ARC: XHRi] Must be 160nm thick, spin speed: 3000RPM, acceleration: 5000RPM/sec,                          spin 
time: 30 sec, Bake at 175°C for 60 sec
21 Spin OiR 620_7i to DLT
~ 500nm thick, spin speed: 5000RPM, acceleration: 1000RPM/sec, time: 45 sec (increase RPM 
gradually to final speed of 5000 RPM, there is surface topology of ~300nm, or set 
acceleartion to 8000RPM/sec for uniform surface coverage)
22 pre-bake PR At 90°C for 60 sec 
23 UV expose with AS200 5X stepper Exposure time: 0.127 sec
24 post-bake PR At 120°C for 60sec
25 Develop PR Developer: MIF300, 120 sec, manual development
26 Use Oxford80#1 to descum OiR 620_7i residues after OiR 620_7i development Recipe: Oxygen Clean, Time: 15 sec
27 Use Oxford80#1 to define 160nm thick ARC after OiR 620_7i descum Recipe: Oxygen Clean, Time: 100 sec
28
Use ion milling tool (VEECO) to define Cr#3 hard mask, and etch Cr#2-Au#1-Cr#1 layers by 
using ARC and OiR 620_7i as ion milling mask.
Cr#3, Cr#2, Au#1, and Cr#1 are ion milled using ARC and OiR 620_7i as masks
29
Use hot resist stripper to remove the remaining OiR 620_7i ion milling mask from top of ARC, 
and 25nm Cr#3 hard mask
25nm thick Cr#3 layer is on top of SOI substrate (Cr#3 is the hard mask for the formation of the 
3D structure of the MEMS device. It is going to be used after back side DRIE etch process 
definition of 3rd mask is completed)
30 Spin sacrificial SPR220 7.0 photoresist (positive tone) to DLT
Spin speed: 3000 RPM, acceleration: 5000RPM/sec, spin time: 60 sec. [Sacrificial photoresist 
layer to prevent micromasking and scratches on the DLT surface of the SOI]
31 Pre-bake the sacrificial PPR At 115°C for 90 sec
32 Flood expose the sacrificial SPR220 7.0 photoresist with EV620 Exposure time: 13 sec
33 Post-bake PR At 115°C for 90 sec
34 Spin P-20 adhesion layer to Handle Layer Thickness (HLT) Wait for 7 seconds before spinning the adhesion layer 
35 Spin SPR220 7.0 photoresist to HLT Spin speed: 3000 RPM, acceleration: 5000 RPM/sec, spin time: 60 sec
36 Pre-bake SPR220 7.0 PR At 115°C for 90 sec
37 UV expose with EV620 contact aligner (i-line, and back-side alignment mode) Exposure time: 13 sec
38 Post-bake PR At 115°C for 90 sec
39 Develop PR
Developer: MIF 300, Time: 120 sec, manual development, [sacrificial layer SPR220 7.0 from the 
DLT is removed as well]
40 Descum PR on the HLT Tool: Oxford80#1 or Oxford80#2, Recipe: Oxygen Clean, Time: 15 sec
41 Using single side wafer etcher, remove the sacrificial resist residues from the DLT The DLT surafec is completely clean, and all of the three required masks are defined.
42 Use UN770 DRIE and 25nm thick Cr#3 hard mask to define 3D structure of the device
Front side 3D geometry of the MEMS is defined. ARC on top of Cr#3 is consumed at this 
process.
43 Use ALEG 310 (PR stripper) to remove Bosch Process polymer from Au nanowire sample
Etch time: several hours. At this step back side of the wafer is protected with AMMT GmbH 
single side wafer etcher. Keep the wafer in DI water for 2 min before going to the next step.
44 Wet etch with Iso Si Etchant to remove remaining silicon below Au nanowire sample
Etch time: ~15 sec. At this step back side of the wafer is protected with AMMT GmbH single 
side wafer etcher. Iso Si Etchant si prepared from Etch Rates II paper by Kirt Williams. Keep the 
wafer in DI water for 2 min before going to the next step.
45
Wet etch with DI water diluted (16 units) CR14 (1 unit) to remove Cr#1, Cr#2, and Cr#3 from 
the gauge length of Au specimen
Etch time: ~15 sec. At this step back side of the wafer is protected with AMMT GmbH single 
side wafer etcher. Keep the wafer in DI water for 2 min before going to the next step.
46 Use OERLIKON to etch trought the HLT of the SOI wafer BOX oxide is the only layer that keeps DLT and HLT layers attached to each other.
47 Cleave the wafers manually to have more test specimens
That is very important to reduce the costs, and have more samples to optimize the release 
process
48 Go to wire bonding Wire bond the MEMS electrodes to electrical surfboards





















































































Figure 2.5: The microfabrication process in table form
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250µm
Specimen
Figure 2.6: Overall view of the MEMS device and the nanoscale specimen. The specimen is
so small, it is not visible in this magnification.
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 150µm
Specimen
Figure 2.7: Closer view to the nanoscale specimen region. Still, the details of the nanoscale
specimen are not visible at this magnification.
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100µm
Specimen
Figure 2.8: Closer view to the nanoscale specimen region.
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Specimen
Figure 2.9: Closer view to the nanoscale specimen region. At this magnification, the details
of the nanoscale specimen just started being visible under scanning electron microscope.
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Specimen
Figure 2.10: Closer view to the nanoscale specimen region.
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2µm
Specimen
Figure 2.11: Closer view to the nanoscale specimen region. This nanoscale specimen is
already tested. The specimen fractured approximately from the middle of its gauge length.
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25µm
Figure 2.12: Micrograph of another specimen before the micro tensile test experiment is
initiated.
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2µm
Figure 2.13: Zoomed view to the nanoscale specimen. Micrograph is taken before the micro
tensile test experiment is initiated. Hence, the specimen is not fractured yet.
CHAPTER 2. MICROFABRICATION PROCESS FLOW 33
5µm
Figure 2.14: Another view of the nanoscale specimen from the previous figure. The micro-
graph is taken from another angle to show the buckling on the nanoscale specimen.
Chapter 3
Digital Image Correlation Using SEM
Images
3.1 Introduction
Digital image correlation is a method to measure full-field displacements based upon com-
paring an image of a deformed object with an image in a reference configuration [51–53].
The displacement field is determined by tracking characteristic random contrast variations
(i.e. speckle) within a region of interest (ROI) on the surface in the as-deformed and the
reference states by statistical correlation methods, which affords sub-pixel accuracy.
In order to perform DIC analysis every experimental setup has their unique challenges to
overcome. The challenges related to DIC depend on the type of the material, the environmen-
tal conditions, and the length scale of the performed experiment. Herein, metals, and alloys
are materials to be characterized. Experiments are performed at the nanometer length scale,
in-situ SEM, under external electric field due to the actuation of a MEMS comb-actuator.
For the DIC analysis, our aim is to use micrographs that are generated from an SEM.
However, a micrograph generated with an SEM may not be suitable for DIC analysis at its
34
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raw state unless the artificial distortions called spatial and drift (temporally-varying) distor-
tions [54, 55] (cf. Figure 3.1), brightness and contrast changes [56], and gradual changes in
the focused surface plane due to the application of an external electrical field are removed
from the taken SEM micrographs. In Figure 3.1, a combination of spatial and drift distor-
tions are clearly visible by the offset between two images of a specimen in the same reference
state. To show the dramatic difference between the regions that represent the same real geo-
metrical shape, the micrographs are aligned with respect to each other, and the boundaries of
the sample in each micrograph are detected to easily see the dramatic difference between the
representation of the same geometrical shape. In order to be able to detect and measure the
real deformation of the tested nanoscale samples, these distortions, and other artificial defor-
mations must be removed from the micrographs, or must be reduced to within the acceptable
error range. If the artificial deformations are not separated from the actual deformations,
then the results obtained from DIC analysis may be erroneous.
While most of the challenges for DIC analysis with SEM micrographs are common from
experimental setup to experimental setup, still every experimental setup has its unique chal-
lenges. Challenges of DIC analysis with SEM micrographs specific to existing experimental
setups are published in the literature [54, 55, 57–63]. While some authors [55, 57, 63] used
post-processing of the SEM micrographs to make the micrographs suitable for DIC analysis,
others [58–62] worked with as-taken SEM micrographs and experimentally found the opti-
mized parameters to take micrographs that does not require post-processing in order to use
them with DIC analysis.
This chapter aims to be a guide about explaining how to find the right parameters for DIC
analysis with raw SEM micrographs that are taken under the effect of an external electric field
in the vicinity of the SEM pole piece. Herein, we experimentally investigate the imaging
capabilities of the SEM tool, and find the right imaging parameters such as accelerating
voltage of the electron beam, dwell time, working distance, imaging mode, brightness and
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contrast that result in suitable micrographs for DIC analysis without any post-processing.
3.2 Advantages of DIC Analysis with the Current Experi-
mental Setup
Herein, the advantages of using DIC analysis are, the availability of high resolution digital
imaging tools (i.e. SEM), capability to use speckles (See section 3.3 for different types of
speckles) on the area of interest for image registration, capability to do displacement mea-
surements with sub-pixel accuracy over an entire image with non-contact (non destructive)
measurement techniques without disturbing the natural state local mechanical response of
the sample while still giving valuable in situ information.
Herein, SEM micrographs used for DIC analysis were taken with FEI Helios NanoLab™
DualBeam™ Microscope in immersion mode (through-the-lens detector, mode 2, secondary
electrons) [64], and analyzed with a commercially available DIC analysis software (VIC-
2D). In Figure 3.2a, the uniform identical color in all three ROIs means the sample is at
reference state, while the difference between the colors in ROIs in Figure 3.2b reveals the
displacement of the ROIs with respect to their reference locations. Since the reference re-
gions are always fixed, the average net displacement of the force sensor side (Region A) can
be extracted for stress calculations. Furthermore, the average relative displacement between
the termini (Region A and Region B) of the sample can be extracted for strain calculations.
Results from DIC analysis are imported as MATLAB files for further processing to obtain
the nominal stress vs. nominal strain graph of a tested sample. Chapter 5 has a brief de-
scription of the overall experimental setup, as well as the function of DIC analysis in this
experimental setup.
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Edges of SEM images
representing the same
state of the actual geometry
1µm
Figure 3.1: Demonstration of artificial temporal deformations and spatial deformations due
to the chosen dwell time (300µs) on the SEM micrographs. Here, two micrographs that are
taken sequentially, and aligned with respect to each other are shown.

















Figure 3.2: Demonstration of DIC analysis with the SEM micrographs. Micrographs are
negatives of the digital image correlated original SEM micrographs. (a) Top view of the
sample at reference, unloaded, state; (b) Sample after loading; (c) Random speckles used for
DIC analysis; (d) Fractured sample.
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3.3 Types of Speckles Used in DIC Analysis
FIB patterned features [40, 46] (cf. Figure 4.2 and Figure 4.3 for the speckles), naturally
existing surface features on gold specimen layer (See region A, and region B in Figure 3.2a,
and the detailed view in Figure 3.2c), existing dirt particles (See Figure 4.2) on single crystal
leaf specimens, and surface roughness on single crystal silicon surface (See Figure 3.3) due
to microfabrication process history, are the types of speckles used during the DIC analysis
for the extraction of displacement fields of ROIs.
All of the mentioned speckle types, except the speckles due to microfabrication process
history on the silicon surface, are used for the extraction of stress-strain diagrams presented
in Chapter 6. Speckles due to microfabrication process history on the silicon surface are used
only for the extraction of voltage vs. displacement graph of only electrostatic comb-actuators
(cf. Figure 6.7) presented in Chapter 6.
Now we present how the specific features are generated, or found, within the intended DIC
analysis regions to use them as speckles. In order to use naturally existing surface features
on gold layer as speckles, we used low accelerating voltage (i.e. 3kV), shortest available
working distance (3.5mm) between the sample surface and the pole piece of the SEM, and
immersion mode (through-the-lens detector, mode 2, secondary electrons) imaging for the
detection of surface features on gold specimen layer, and for high resolution micrograph
generation [64]. In order to use FIB patterned speckles, as the name implies, FIB milling (i.e.
16kV and 3.4pA) on specimen leaf layer is used to generate the patterns as random speckles.
The speckles due to microfabrication process history on the single crystal silicon surface are
generated naturally as single crystal silicon is exposed to the processing chemicals during
the microfabrication.
For FIB patterned speckles, existing dirt particles, and speckles due to microfabrication
process history on the silicon surface, we used the same SEM imaging parameters that are
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used to detect the naturally existing surface features on gold layer.
3.4 Challenges about Using DIC with SEM Micrographs,
and Overcoming the Challenges
Digital image correlation analysis measures the full-field displacement with a non-contact,
and non-destructive method so that experimental artifacts due to contact are avoided, how-
ever distortions in the image due to environmental or optical conditions may introduce artifi-
cial errors. With the SEM micrographs, the DIC analysis may be poor because of low quality
of the speckle pattern, the grid pitch, the size of the image subset, and implemented correla-
tion algorithm, while image quality may be poor because of the large working distance from
the “SEM pole piece”, image distortions (spatial and temporal) due to the electron optics of
the magnetic lenses, lack of focusing on the surface of the sample plane (i.e. SEM imaging
plane) [55], and gradual changes in brightness and contrast due to changes in the MEMS
actuation voltage [56].
Hence, the main challenges of the DIC analysis can be classified as experimental diffi-
culties due to environment and imaging tool, and errors due to the working principle of DIC
analysis itself [65]. Specifically, the experimental difficulties due to the environment and
imaging tool include the effect of gradual change in the electrical field in the vicinity of the
SEM pole piece because of using an electrostatically actuated MEMS comb-finger actua-
tor, the effect of change of pressure in the SEM chamber, the effect of the electron optics
of the magnetic lenses, and the effect of carbon accumulation on the sample surface due
to SEM imaging. The gradual change in the electrical field in the vicinity of the electron
pole piece leads to gradual changes in brightness and contrast [56], gradual changes in focal
plane on the horizontal surface of the sample plane (i.e. SEM imaging plane), and spatial
and temporal distortions on the taken SEM micrographs. The gradual change in the cham-




Figure 3.3: Speckles that are generated on the single crystal silicon surface due to the micro-
fabrication process history on the silicon surface. (a) The region where the images for DIC
analysis are taken. (b) MEMS device is at its reference state (c) Actuation is performed, and
DIC analyzed SEM micrographs show the displacement of the mobile part with respect to
the fixed part of MEMS.
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ber pressure leads to changes in the stability of the electron beam, and spatial and temporal
image distortions. The electron optics of the magnetic lenses change the stability of the elec-
tron beam, and cause spatial and temporal image distortions. Carbon accumulation on the
sample surface causes change in contrast, and may cause change in mechanical properties
due to diffusion of carbon into gold, and due to formation of a thin-film of carbon on the
gold specimen if precautions are not taken.
The disadvantages due to experimental challenges were overcome as follows:
Comments about carbon accumulation on the sample surface are explained in section 3.5.
To overcome the issues related with change in brightness and contrast, the sample region
right below the SEM pole piece is forced to ground electrical potential (i.e. 0 Volts) to remove
the electron charging due to the electrons coming from the electron beam. Furthermore,
within the DIC software (VIC-2D, Correlated Solutions Inc.), there is a specific option which
does not take into account the changes in lightning conditions (which is analogous to change
in brightness and contrast). This option was activated in our analysis. Hence, the DIC
analysis errors due to the changing brightness and contrast conditions are minimized.
To overcome the issues related with gradual change in focusing on the horizontal surface
of the sample plane, we did focusing adjustments after every applied voltage step. Specifi-
cally, we manipulated the stage in the SEM chamber to move the specimen region away from
the scanned area, and did focusing (and stigmation) adjustments at magnification ranges be-
tween 60000 X, and 120000 X until a very well focused image is obtained at the mentioned
magnifications. Also, we paid extra attention to avoid changing the brightness and contrast
parameters. Then we reduced the magnification back to 8000 X, and moved the stage back
to see the sample region under the pole piece in order to apply more strain and take another
image of the test specimen.
To overcome the issues related with spatial and temporal image distortions, we did an
experimental study to see the effect of various dwell times (1µs, 3µs, 10µs, 300µs) on the
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spatial and temporal distortions of the 1024pixel by 884pixel micrographs. While 10µs and
300µs dwell times showed strong spatial and temporal image distortions (See Figure 3.1
for micrographs taken with 300µs dwell time), 1µs dwell time images did not capture the
characteristic speckles to perform DIC analysis. However, 3µs dwell time images taken
with 1024pixel by 884pixel resolution did not experience strong spatial and temporal image
distortions, and still captured the characteristic speckles on the micrographs. Hence, we used
3µs dwell time to take 1024pixel by 884pixel micrographs to perform the DIC analysis.
To overcome the issues related with changes in the stability of the electron beam, we pre-
pared the SEM tool for imaging purposes, and then simply waited for approximately 2 hours
to reduce the pressure in the SEM chamber down to 1.0µTorr. From our observations, we
realized that as the pressure in the chamber is reduced below 1.0µTorr, we get better quality
images. This 2-hour waiting procedure also allows the electronics to thermally equilibrate.
From the studies of [55] we were aware that having long working distance between the
SEM pole piece and the sample surface would increase the artificial distortions on the taken
SEM micrographs. Hence, we choose to work with the minimum allowed working distance,
3.5mm, between the SEM pole piece and the sample surface to reduce the artificial distor-
tions.
3.5 Carbon Deposition on the Sample Surface due to SEM
Imaging
During SEM imaging, carbon accumulation on the scanned surface is a known phenomena
[66, 67]. In our study, we have seen that the imaging surface of the tested nanoscale gold
sample was covered with a layer of carbon. If one inspects Figure 3.2 carefully, he/she real-
izes that the image in Figure 3.2a is sharper, higher contrast, compared to the image in Fig-
ure 3.2b due to accumulation of carbon on the sample surface in Figure 3.2b. Furthermore,
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there is contrast gradient across the top-bottom direction of the micrograph in Figure 3.2d.
The reason for the contrast gradient is the carbon deposition on the regions that are multiple
times scanned with the electron beam for SEM imaging.
We had to deal with three main disadvantages about this phenomena, solutions of which
are stated below. First, we had to understand if, within the time span of the performed
experiment, carbon may diffuse into gold specimen at the conditions existed in the SEM
chamber. According to the equilibrium diagram of Au-C system [68], at room temperature
the solubility of C in Au is less than 0.005 atomic percent. Since it is a diffusion phenomena,
it is expected to take longer than the time of the experimental procedure, which is only
approximately 7hours. Hence, we believe that the carbon deposited to the surface of the
sample layer did not diffuse into the gold sample. Second, since we were aware of the
carbon accumulation issue, as a first precaution, we paid extra attention to keep the sample
out of the scanning field of the SEM as long as we did not need to take an image of the sample
region itself for DIC analysis. According to the data in [66], if the imaging area in [66] is
our actual imaging area (15.8µm by 13.6µm area), the thickness of the accumulated carbon
layer would have been less than 1 nm thick, which we believe is too thin to form a high
strength thin film on the gold sample surface which would affect the mechanical properties
of the tested nanometer scale sample. Third, due to the accumulated carbon on the SEM
scanned area, we needed to have sharper (i.e. higher contrast) speckles on the ROIs in order
to be able to have better DIC results. As a solution, when it was not prudent to take further
SEM images of the same region for DIC analysis, we took SEM images of regions where
previous SEM imaging was not done (Figure 3.2d). Following this procedure we obtained
sharper images for better DIC analysis results.
In the next experiments, when the characterization of the mechanical properties of the
nanoscale samples is the main focus of the research, one should intentionally keep “the
nanoscale sample” out of the field of view of the SEM to make sure that no carbon is de-
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posited on the sample. Hence, the images of the specimen should be taken only for DIC
analysis purposes.
Chapter 4
Nanoscale Sample External Integration
4.1 Introduction
The aim of the process in Chapter 2 was to micro/nanofabricate a “nanoscale sample-MEMS
device pair” with batch-compatible integration techniques. Although we were able to suc-
cessfully micro/nanofabricate the intended “pairs”, we have low yield of “pairs”, and we
have higher yield of only MEMS devices. In addition, after a batch-compatible integrated
specimen is tested, the nanoscale specimen is consumed and cannot be reused, however
the MEMS device is still functional, and can be reused. As an opportunistic idea, we
used our functional MEMS devices as characterization tools for our nanoscale samples that
are externally integrated such as single crystals of gold-silver alloy leaf, and gold leaf in
this chapter. In the literature, other external integration approaches exist for small scale
[7, 26, 29, 31, 32, 69–72], and larger scale samples [46, 73]. In our approach, the external
integration of a thin-film leaf is done by focused ion beam induced deposition (FIBID) of
platinum to attach the thin-film leaf to a MEMS device, and focused ion beam (FIB) milling
is used to carve the leaf to a dog-bone shaped nanoscale specimen. Below, we explain each
step of the external integration process in detail.
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4.2 Thin-film Leaf External Integration and Nanoscale Sample Preparation
Thin-film leaf external integration process is done on a functional MEMS device. As shown
in Figure 4.1a, first, a piece of leaf is attached to a nanoprobe tip using Pt deposition, and
separated from a larger piece of thin-film leaf using FIB milling. Then, the piece of leaf is
carried, and attached on top of the MEMS device using Pt deposition (Figure 4.1b). Speckles
for DIC analysis are patterned on the appropriate regions of the leaf and MEMS device
(Figure 4.1b). Eventually, the thin-film leaf is tailored to a thin nanowire specimen using
FIB milling (Figure 4.1d).
During the integration of a leaf to a MEMS device with Pt deposition and tailoring the leaf
to its final nanoscale sample geometry with FIB milling, it is important to emphasize that the
mobile and fixed electrodes of the MEMS device should be kept at 0 Volt potential difference
with respect to each other in order to prevent the unintentional electrostatic actuation of the
MEMS device due to the uneven accumulation of electrons or Ga+ ions on the electrodes of
the MEMS device.
4.3 Comments about Misalignment, Pt Deposition, and FIB Milling
Significant progress has been made in the field of mechanical property characterization of
nanometer scale materials. However, in the obtained results, there were concerns about the
alignment of the test samples with respect to the tensile force axis of test setups, the effect
of the used clamping technique to attach the samples to the tensile testing platform, and
the way that the specimens are prepared for mechanical characterization. Since we were
concerned about the same arguments as well, we paid extra attention about the preparation
of the test samples. The fact that the fractured ends of the tested sample are well aligned
with respect to each other, and the fact that we did not observe any warping on the clamped
regions of the samples imply that the samples were well aligned with respect to the force
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Figure 4.1: The main steps of the nanoscale sample processing and integration: (a) A piece
of single crystal gold-silver alloy (or single crystal gold) leaf is cut from a larger piece of
leaf. (b) Leaf is transferred, and attached on top of the MEMS device (c) Speckles for DIC
analysis are generated using FIB milling. (d) Leaf is FIB milled to obtain the final nanowire
shaped test specimen.












Figure 4.2: Fracture region of single crystal gold-silver alloy specimen. The micrographs
in the figure are taken right after the sample failed. These micrographs are negatives of the
original ones.
axis since the beginning of the experiment. Indeed, that is what must be expected because
the geometry of the test specimen is defined after the leaf is integrated to the MEMS device.
In addition, the fact that the fractured sample pieces were still straight beams show that there
was no significant residual stress in the fractured sample. We used FIB induced deposition of
platinum to attach the sample leaf to the MEMS device, and FIB milling to tailor a dog-bone
shaped specimen. Since FIB milling, and Pt deposition may affect the mechanical properties,
we worked with low ion beam currents to attach (i.e. 16kV and 3.4pA) the sample leaf with
Pt deposition, and mill (i.e. 16kV and 3.4pA) the final shape of the dog-bone specimen with
Ga+ ion etching.
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Figure 4.3: Fracture region of single crystal gold metal specimen.The micrographs in the




5.1 Schematic of the Overall Experimental Setup
The schematic of the experimental setup is shown in Figure 5.1. The setup is composed of
the following main parts: The computer where the “MEMS Actuation Interface” is installed.
“MEMS Actuation Interface” is used to control the generation of the electrostatic force. The
data from this computer is transferred through the “Source Meter Instrument”, “Switches”,
and an “Electrical Interface” to eventually reach the MEMS electrostatic actuator sitting on
a mobile x-y-z stage installed in an SEM chamber. E-beam column (i.e. SEM) is used to ac-
quire the visual state of the nanoscale sample being tested. Two SEM micrographs are taken
after every single step of applied electrostatic force. The SEM micrographs are transferred to
the “Image Acquisition” computer after every single step of electrical excitation (i.e. electro-
static actuation) is applied to the MEMS comb-actuator. The stack of taken micrographs are
then processed with DIC analysis software. The data from DIC analysis results is imported
to MATLAB for further processing in order to eventually obtain the nominal stress vs. nom-
inal strain response of the tested nanoscale sample. Then, the obtained nominal stress vs.
nominal strain response graph is used to calculate the Young’s modulus, and other important
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Figure 5.1: Overall view, and details of the designed experimental setup.




In Chapter 1 we explained the general principle about how the results related to the mechan-
ical behavior of the tested nanoscale materials are extracted. In Chapter 3, we presented how
to use DIC analysis to obtain the displacement fields on micrographs which are required in
order to be able to calculate the nominal stress, and nominal strain on the tested nanoscale
specimens, as well as the displacement of the mobile rigid parts of the MEMS actuator with
respect to the fixed rigid parts of the MEMS actuator. In Chapter 5, we presented the overall
procedure that we follow to obtain the experimental results.
Now, knowing how to extract the results we are looking for, here we present results related
to the mechanical behavior of nanoscale specimens (Section 6.2), voltage vs. displacement
response of the used MEMS devices (Section 6.3), and the amount of residual stress on the
used force sensors made from single crystal silicon (Section 6.4). Furthermore, in Section 6.5
we show how the uncertainty values in our results are calculated.
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6.2 Mechanical Behavior of Nanoscale Specimens
In Chapter 2 we showed a method for batch-compatible integration of nanoscale specimens
to a MEMS tensile testing platform. In Chapter 4 we showed a method for external inte-
gration of thin-film single crystal gold-silver alloy, and single crystal gold metal nanoscale
tensile test specimens. Below, we present the results obtained from the characterization of
the mechanical behavior of these nanoscale sample materials.
6.2.1 Batch-compatible Integrated Nanocrystalline Specimens
Using the designed experimental setup, we extracted the nominal stress vs. nominal strain
results of two batch-compatible integrated specimens. Graphs are presented in Figure 6.1,
Figure 6.2, and Figure 6.3. Figure 6.2 is the data truncated version of Figure 6.1 in order to
simplify the interpretation of the extracted experimental data in Figure 6.1.
Now we explain the details of how the data truncation is done, and how the linear elastic
moduli of the tested specimens is determined. In order to plot the stress vs. strain graph in
Figure 6.2, the initial data (earlier response in the stress vs. strain diagram, before the linear
elastic behavior of the specimen) is removed from the stress vs. strain data set. The rest
of the analysis is done only with the remaining data points. In order to determine the linear
elastic constant (i.e. Young’s Modulus Fit) of the nanoscale specimen, all the data points that
do not belong to the initial linear regime (i.e. data points in the plastic regime) are removed
from the data set. The remaining, only linear regime, data points and “curve fitting tool” of
MATLAB are used to draw the Young’s Modulus Fit. Furthermore, the Young’s Modulus
Fit line is shifted on the strain axis such that the Young’s Modulus Fit line passes from the
origin of the stress vs. strain graph. This is how the final stress vs. strain graph of the rest of
the tested specimens are drawn as well.
Young’s modulus of the tested nanoscale sample in Figure 6.2 is 53.18± 5.11GPa, and
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Nominal Stress vs. Nominal Strain Data
Figure 6.1: Raw nominal stress vs. nominal strain response of the tested sample. Tested
material is thermally evaporated, 40nm thick, ultra-thin gold.
the ultimate tensile strength is 0.99±0.084GPa at plastic strain of 2.6%. Following the same
procedure, the Young’s modulus of the nanoscale sample in Figure 6.3 is 39.97±3.83GPa,
and the ultimate tensile strength is 0.81±0.075GPa at plastic strain of 2.9%.
6.2.2 Externally Integrated Single Crystal Specimens
Nominal stress vs. nominal strain graphs of single crystal thin-films of gold-silver alloy,
and gold metal are extracted. Figure 6.4 shows the graph for single crystal gold-silver alloy.
The Young’s modulus is 64.47±5.23GPa, and the ultimate tensile strength is approximately
0.67± 0.043GPa. Figure 6.5 shows the graph for single crystal gold nanoscale specimen.
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Nominal Stress vs. Nominal Strain Data
Figure 6.2: Nominal stress vs. nominal strain response of the tested sample after the initial
data points are truncated from the graph and the Young’s Modulus Fit is shifted to the origin.
Young’s modulus of the tested sample is 53.18±5.11GPa, and the ultimate tensile strength
is 0.99±0.084GPa at plastic strain of 2.6%.
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Nominal Stress vs. Nominal Strain Data
Figure 6.3: Nominal stress vs. nominal strain response of the tested sample. Young’s
modulus of the tested sample is 39.97± 3.83GPa, and the ultimate tensile strength is
0.81±0.075GPa at plastic strain of 2.9%.
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Nominal Stress vs. Nominal Strain Data
Figure 6.4: Nominal stress vs. nominal strain diagram of the tested gold-silver alloy
nanoscale specimen. Young’s modulus is 64.47±5.23GPa.
The Young’s modulus is 33.42±2.99GPa, and the ultimate tensile strength is approximately
0.48±0.043GPa. The fracture surfaces of the tested specimens are shown in Figure 4.2, and
Figure 4.3 for single crystal gold-silver alloy, and gold specimens, respectively.
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Nominal Stress vs. Nominal Strain Data
Figure 6.5: Nominal stress vs. nominal strain diagram of the tested gold metal nanoscale
specimen. Young’s modulus is 33.42±2.99GPa.
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Voltage vs. Displacement Data
Sample still not factured here
Just a slip event occured
Figure 6.6: Voltage vs. displacement response of the MEMS actuator during the externally
integrated gold-silver alloy nanoscale sample characterization experiment. The stress-strain
response of the specimen is presented in Figure 6.4.
6.3 Voltage-displacement Response of the MEMS Device
6.3.1 Results using Speckles from FIB Pattern, and Existing Natural
Speckles
Voltage vs. displacement behavior of the MEMS device (cf. Figure 6.6) is extracted us-
ing FIB patterns, and existing natural features as speckles to track the displacements of the
mobile and fixed electrodes of the MEMS actuator with respect to each other.
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6.3.2 Results using Microfabrication Process History Generated Speck-
les
Voltage vs. displacement behavior of the MEMS device during the sample characterization,
and after the sample characterization is extracted (Figure 6.7) using the nanometer scale
speckles generated on single crystal silicon surface due to exposed processing chemicals
during the microfabrication processing. These nanometer scale speckles are used to track
the displacements of the mobile and fixed electrodes of the MEMS actuator with respect to
each other. In Figure 6.7, the fact that the final position of the MEMS device immediately
after the specimen fractured is matching well with the position of the same MEMS device in
the second experiment (i.e. no specimen to test) validates our DIC analysis results.
6.4 Amount of Residual Stress on the Force Sensor
It is known that residual stress may exist in MEMS structures. For example, in clamped-
clamped beam force sensor in our MEMS device, there is a chance that the clamped-clamped
beam may be under compression or tension. To investigate whether there is residual stress
or not on the force sensor, we used our experimental data to find the Young’s modulus of
the force sensor made from single crystal silicon with known crystallographic orientation
(Subsection 6.4.1). Furthermore, using an independent approximate analytical solution for
the response of the force sensor [42], we compared our experimental results with the approx-
imate analytical solution (Subsection 6.4.2). The obtained results are within 2-3% difference
with respect to the real Young’s modulus of silicon. Below, we show the details of our
calculations.
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In the 2nd experiment
MEMS passed from here
Figure 6.7: Voltage vs. displacement behavior of the MEMS actuator during the sample
characterization experiment, and after the sample characterization experiment is completed.
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6.4.1 Comparison of Young’s Modulus Values
We designed our force sensor such that, the force sensor would be linear for the whole
displacement range of the material characterization experiment. We also know from our
experimentally obtained stress-strain diagrams that the characterized materials show a linear
elastic behavior for the elastic regime of the deformation on the stress-strain diagrams. Using
the information above, we compared the amount of force that is loaded on the force sensor
with the amount of force that is loaded on the specimen. During this analysis, we used the
data that is only in the linear regime of the stress-strain diagrams (c.f. Figure 6.8). Due
to force equilibrium on the force sensor and the tested specimen, the magnitude of these
two forces must be equal. Hence, k f s ∗∆ f s = ks ∗∆s, where k f s is the linear stiffness of
the force sensor, ∆ f s is the elongation of the force sensor in the chosen linear regime, ks
is the linear stiffness of the tested specimen in the chosen linear regime of the stress-strain
diagram, and ∆s is the elongation of the specimen in the chosen linear regime. From the
MATLAB code that we used to extract Figure 6.8, we found ks, ∆ f s, and ∆s. Then, we
used the force equilibrium equation to calculate k f s. Eventually, using our experimental
dimension measurements of the force sensor, we calculated the Young’s modulus of silicon.
The result for the Young’s modulus of silicon from the experimental data is 166GPa, while
the Young’s modulus of silicon from the literature [48] that we used in our initial calculations
is 169GPa. The experimentally extracted result matches well with the Young’s modulus
value that we used in our calculations. The values are within less than 3% error with respect
to each other.
6.4.2 Investigation of Residual Stress on the Force Sensor
In order to estimate the approximate amount of residual stress, we use the force equation for
clamped-clamped beam with a point load in the middle of the beam from [42]. The equation
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Nominal Stress vs. Nominal Strain Data
Figure 6.8: The experimental data from the linear regime of the stress-strain diagram that is
used for the calculation of the Young’s modulus of silicon.
























c3, where F is the force on the
force sensor, σo is the residual stress on the force sensor, E is the Young’s modulus of silicon,
W is the width, H is the height, L is the length, and c is the displacement of the force sensor.
For geometrical dimensions of the force sensor, and the displacement of the force sensor we
used the experimentally obtained measurements to use in the equation. In the equation, for
σo we assumed three different values. Below we show the graphs for three cases where σo is
assumed as zero, a small value (i.e. 3MPa), and a large value (i.e. 50MPa) to see the effect
of residual stress on the force sensor under the prescribed experimental displacement values.
In Figure 6.9 the data that is shown as “Assuming No Residual Stress”, is the actual data
from our experimental results. Since the data that is shown as “Low Residual Stress, 3MPa”
is close to our experimental results (i.e. “Assuming No Residual Stress”), we conclude that
the residual stress in our force sensor is low, and only on the order of ∼ 3MPa.
6.5 Error Analysis
6.5.1 Stress-strain related error analysis for the batch-compatible inte-
grated specimens
Performing experiments, inevitably requires doing error and uncertainty analysis related with
the obtained results. During this experiment, the possible reasons of error and range of errors
are stated below:
1. Reasons of uncertainty in the results
(a) Crystallographic orientation of silicon device layer: From measurements done
on as manufactured SOI wafers, the error due to the uncertainty in the crystal-
lographic orientation of the device layer silicon of the SOI wafer is in the range
of 1% to 3% [48]. Using x-ray diffraction measurements for the detection of the
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Low Residual Stress, 3 MPa
High Residual Stress, 50 MPa
Assuming No Residual Stress
Figure 6.9: Force vs. displacement behavior of the clamped-clamped beam under different
residual stresses with geometrical dimensions, and displacements from our actual experi-
mental setup.
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crystallographic orientation of the device layer silicon in our MEMS structures,
this error can be reduced. However, due to the small amount of error improve-
ment this is considered to be time consuming, and is not performed.
(b) Dimensions of the force sensor spring made from single crystal silicon: In order
to find the error related with geometrical dimensions of the force sensor, careful
measurements were done using scanning electron microscopy. After 30 random
thickness measurements across the length of the force sensor springs, the average
thickness and standard deviation of the thickness of the force sensor springs are
calculated. Similarly, the average width and standard deviation of the force sen-
sor springs are calculated. The length of the force sensor springs are measured
only for several times, and considering the very small variation, the averages of
the measured lengths are assumed to be correct, and the error due to the uncer-
tainty in the length of the force sensor springs are neglected.
(c) DIC extracted data:
i. Confidence interval: A statistical confidence region, in pixels, is calculated
by VIC-2D, using the covariance matrix of the correlation equation. The
data that is above the selected confidence interval threshold is automatically
removed from the data set.
ii. Displacement error across the region of interest (ROI): This data is obtained
after performing several DIC processes across the whole SEM image. One
SEM micrograph of the ROI is taken, then the ROI is shifted for a certain
amount of displacement, and without changing any other parameter in the
SEM imaging, the image of the ROI is taken again. Using DIC processing,
the displacement field of the second image is obtained. The error across
the whole image (1024pixel by 884pixel) is observed to be 0.2pixel. This
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corresponds to approximately 0.08pixel in the ROI in micrographs that we
use for the extraction of the displacement data.
(d) Out-of-plane bending: As shown in Figure 4.3, out-of-plane displacement of the
fractured tips of the nanoscale sample are so small, the error due to the out-of-
plane bending on the samples is neglected.
2. Overall uncertainty in the nominal stress vs. nominal strain results: Here, before we go
into the details of the calculations, we want to state the overall idea. Initially, we will
show all of the parameters related with error estimation in the problem, and expand all
of those parameters to find the relation between each of them.
(a) Uncertainty on stress results: Stress on Au sample, σAu, can be written as σAu =
Ff s
AAu
, where Ff s is defined as force on the force sensor (Figure 1.1a), and AAuis
defined as cross-sectional area of the tested nanoscale gold sample. From here,
knowing that the force sensor spring is a linear spring (due to small deforma-
tion), Ff s can be written as Ff s = k f s ∗ δ f s, where k f s is linear spring constant
of the force sensor, and δ f s is the deformation at the middle of the force sensor
which is a clamped-clamped beam. AAu =WAu ∗HAu, where WAu is the average
width of the tested nanoscale gold sample, and HAu is the average height of the




ESi, HSi, WSi, LSi represent Young’s modulus of the linear spring at the chosen
crystallographic orientation of silicon, height, width, and length of the linear
spring, respectively. If the expanded versions of AAu, k f s, and δ f s are combined
to solve for σAu, it can be seen that σAu = σAu(ESi,HSi,WSi,δ f s,LSi,WAu,HAu).
Then, following the procedure for error analysis, we obtain the formula below
for the determination of the error on stress of the tested nanoscale gold sample.
The uncertainties related to results of each tested nanoscale sample are shown in
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the related nominal stress vs. nominal strain graphs
uσAu = [
(













































(b) Uncertainty on strain results: The strain on the sample, εAu, can be written as
εAu = eLAu,0 where LAu,0 is the original length of the test sample, and e is the
elongation of the sample at the moment of the obtained result. Hence, εAu =
εAu(e,LAu,0). Following the procedure for uncertainty analysis, we obtain the














(c) Uncertainty on Young’s modulus results of the specimens: Young’s modulus of
the tested specimen is defined as ES =
σS
εS at the linear regime of the obtained
experimental data, where σS is the stress on the specimen, and εS is the strain on
the specimen. Hence, ES = ES(σS,εS). Following the procedure for uncertainty
analysis, we obtain the formula below for the determination of the uncertainty on
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6.5.2 Voltage-displacement related error analysis
1. Reasons of uncertainty in the results
(a) DIC extracted data:
i. Confidence interval: A statistical confidence region, in pixels, is calculated
by VIC-2D, using the covariance matrix of the correlation equation. The
data that is above the selected confidence interval threshold is automatically
removed from the data set.
ii. Displacement error across ROI: This data is obtained after performing sev-
eral DIC processes across the whole SEM image. One SEM micrograph of
the ROI is taken, then the ROI is shifted for a certain amount of displace-
ment, and without changing any other parameter in the SEM imaging, the
image of the ROI is taken again. Using DIC processing, the displacement
field of the second image is obtained. The error across the whole image
(1024pixel by 884pixel) is observed to be 0.2pixel. This corresponds to ap-
proximately 0.2pixel or less error in the ROI in actual images that we use
for the extraction of the displacement data.
2. Overall uncertainty in the actuation voltage vs. actuator displacement results:
(a) Uncertainty on displacement results: In the voltage vs. displacement graphs,
the results have a fixed error of approximately 0.2pixel. This corresponds to
∼ 3.1nm error since a pixel is 15.4nm by 15.4nm in dimensions.
(b) Uncertainty on voltage results: In the voltage actuation results, we have a fluctu-




The discussion is split into five sections and each one of them is presented below.
7.2 Advances in “Batch-compatible Sample-MEMS Device
Pair” Fabrication and Experimental Methods
Here we explain the salient points of the fabrication to have monolithically integrated “pairs”.
It is clearly stated that there is a need for contamination free, samples that are sub-10µm long
and batch compatible integrated to a MEMS tensile-testing platform [36] in order to have
samples that are perfectly aligned with the tensile testing axis of the MEMS platform. Using
the six key procedures stated below, these needs are satisfied.
The first key idea in our process was to keep the sample contamination free. To accom-
plish this, the “sample layer gold” was sandwiched between a “bottom layer Cr” and two
upper layers of Cr. The “bottom layer Cr”, the “sample layer gold”, and “first upper layer
Cr” covers a 160µm by 160µm area, which is the the green colored region in Figure 2.1b,
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while the “second upper layer Cr” is blanket deposited on the whole wafer (Figure 2.1c).
There were two main reasons to do this. First, the “bottom layer Cr” serves as an adhesion
layer. However, Cr is tensile stressed after evaporation, which induces a tensile stress on
the next deposited layer (gold) after the release of the layers. If precautions are taken with
stress levels, the yield of healthy samples is increased. After the deposition of the “sample
layer gold”, the “first upper layer Cr” serves as a protective layer and an adhesion layer for
the following blanket deposited “second upper layer Cr”, while the combination of “first
upper layer Cr” and “second upper layer Cr” serves as layers that induce approximately the
same residual stress level from “bottom layer Cr” into the “sample layer gold”. Second,
the “second upper layer Cr” serves as a hard mask (Figure 2.1d, and the detailed view) to
remove the silicon below the nanoscale samples, and to carve the MEMS tensile testing plat-
form (Figure 2.1e, and the detailed view). Eventually, our goal was to leave only pure gold
at the gauge length of the specimen. To achieve this, we used Bosch process polymer re-
mover ALEG 310, polysilicon etchant [50], and CR-14 wet etchant to remove the residues
surrounding the sample (Figure 2.1f), respectively.
The second key process step for the functionality of the “pair” was to initially make sure
that the substrate surface was free of any residues and native surface oxide. Because, during
HF vapor release (Figure 2.1h), the native surface oxide between the silicon substrate and
the Cr adhesion layer causes the Cr adhesion layer (hence, the nanoscale sample) to detach
from the silicon surface.
The third key idea was to keep the wafer topology at low levels until all of the mask pat-
terns are transferred on both sides of the wafer. This way, we could process high resolution
photoresists with good surface coverage to obtain smaller features. However, this was a chal-
lenge because we had to do DRIE on both sides of the wafer. To overcome this challenge,
once we prepared the final mask for the device layer, we protected this mask with a sacrifi-
cial resist layer that allowed us to work on the handle layer patterning of the wafer without
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contaminating the device layer. While the development of the photoresist from the handle
layer mask was done, the sacrificial resist from the device layer was also removed, because
both sides of the wafer were exposed to the handle layer photoresist developer. In order to
make sure that there are no resist residues left on the front side of the wafer, the back-side of
the wafer is protected with “Single series wafer holder” from AMMT GmbH, and the wafer
is kept in resist stripper, then rinsed in DI water, and nitrogen gas blown to dry.
The fourth key idea was to use only one mask to define both the sample, and the MEMS
tensile testing platform. There were two advantages and one challenge to succeed. First,
this key idea allowed us to obtain perfect alignment between the tensile testing platform and
the nanoscale sample (detailed view of Figure 2.1d). Second, this approach allowed us to
transfer the pattern from a thin resist mask to the hard mask in one step, after which the
pattern on the hard mask was used for further processing. The challenge was to find a way to
remove the silicon layer below the gauge length of the sample (detailed view of Figure 2.1e).
We employed the scalloping effect of the Bosch process to remove the majority of silicon
from below the gauge length of the sample (cf. Figure 2.4).
The fifth key idea was a judiciously choice of the thickness of the sample. Due to the
changes in the stress state of the wafer after back-side silicon etching (cf. Figure 2.1g and h),
it is impossible to know about the stress state of each individual released sample and MEMS
device. In the end of the release, a sample can be under compression, tension or can be
at neutral state. One expects thick samples (> 200nm) to survive a residual tensile stress,
but under a residual compressive stress such samples tend to buckle and break. For thinner
samples (∼ 40nm), a high tensile stress tends to break the specimens, while the specimens
under compression buckle but does not break. We have chosen to work with the samples that
are ∼ 40nm thick for the following reasons: In terms of novelty, thinner samples would give
more opportunities for research an exploration. Thinner samples would be feasible for in-situ
TEM experiments because of their electron transparency at ∼ 40nm or below thicknesses.
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Furthermore, thinner samples mean less number of atoms for samples of the same length
and width. Less number of atoms would be a more reasonable choice for the atomistic scale
simulations that are planned to be done in future studies.
The final key step involved release of the “pair”. We found that a one-step release process
results in low yield. Thus we performed “release on an as-needed basis” in a multistep
process. The final release of the MEMS mobile plate from the fixed plate is done by FIB
milling inside the microscope chamber right before the sample is mechanically characterized.
During the FIB release, the electrodes of the actuator are kept at zero electrical potential
difference to prevent undesired actuation of the MEMS device, which would cause tensile
forces on the samples and eventually break them before the actual tensile test is done.
7.3 Advances in External Integration Techniques
A piece of thin-film leaf is integrated to the MEMS device, and this thin-film is tailored to a
final dog-bone shaped specimen. Since the final geometry of the specimen is given after the
leaf is attached to the MEMS device, the in-plane, and out-of-plane alignment between the
specimen, and the MEMS device is almost perfect (See Figure 4.3). Specifically, the in-plane
misalignment between the two termini of the tested single crystal gold specimen is only 1.4
pixels, which means the misalignment changed only by no more than 0.13◦ during the entire
loading history of the tested specimen. This alignment accuracy is the best compared to the
external integration techniques existing in the literature.
With this type of external integration capability, this experimental setup allows to me-
chanically characterize any thin-film metal or alloy material. Herein, we demonstrate this
capability with single crystal gold, and single crystal gold-silver alloy thin-films.
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7.4 Advancements in Tensile Testing
Early tensile test experiments on small scale metals investigated mechanical properties of
drawn metallic wires [74], whiskers [75, 76], and thin films [77–79]. Starting in the mid- to
late-1950s [75, 76, 80], tensile test setups were manufactured with greater attention to pre-
vent possible experimental errors and were geometrically miniaturized to be able to handle
smaller samples (as small as 250µm to 4mm length). This corresponds to the times when
imaging capabilities of SEMs and TEMs were improved for higher accuracy results. Then,
following the miniaturization trend [81], MEMS devices as micro tensile testing platforms
were microfabricated both with cofabricated samples of several hundreds of micrometers
length [82], and externally integrated samples at the sub-10µm length scale [69] and larger
length scales [46]. Herein, sub-10µm long sample and MEMS platform are monolithically
integrated. This is an important achievement from the perspective of the evolution of the
microtensile testing tools, since this enables experimental studies on non-contaminated sam-
ples with well defined and repeatable BCs at the nanometer scale; such “pairs” have the
potential to serve as the basis for high resolution experimental results to probe the stochastic
mechanical response of nanoscale specimens.
For externally integrated test samples, the alignment of the sample with respect to the ten-
sile axis of the MEMS platform is a challenge [7, 31, 46], and may result in off-axis tensile
testing. In [46], types of misalignment are deeply analyzed. In [83], a MEMS testing plat-
form with cofabricated thin-film sample is designed with the alignment challenges in mind.
In [83], finite element modeling (FEM) analysis for 20◦ misalignment on the piezoelectric
actuator gives only 0.0001◦ of rotation on the sample axis. In [26], careful alignment is done
with a nanomanipulator, and the misalignment is stated as ∼ 5◦. In the study of [31], careful
alignment is done using a nanomanipulator, and the misalignment is assumed to be less than
10◦. In the study of [7], it is shown that the angle between the tensile axis and the sample axis
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plays an important role on the mode of fracture of the single crystal ultra-thin gold samples.
For misalignment angles less than 10◦ the mode of fracture is observed as ductile, while for
angles more than 15◦ the mode of fracture is observed as brittle. Herein, alignment of the
test sample with respect to its transverse, and out-of-plane directions is carefully considered
as well. From DIC analysis, the misalignment in the transverse direction is measured to be
less than ∼ 1.25pixel which indicates that the alignment of the specimen with respect to the
loading axis of the MEMS actuator changed only by no more than 0.11◦ during the entire
loading history.
Another advancement is to employ DIC analysis with SEM micrographs of MEMS struc-
tures for the extraction of nominal stress vs. nominal strain graphs, with sub-pixel (0.2pixel)
resolution where the pixel size is only 15.4nm by 15.4nm.
As a summary, we developed a well aligned “pair” using batch-compatible microfabrica-
tion techniques for the investigation of material properties at the nanoscale in situ SEM, with
potential applications in situ TEM.
7.5 Comparison of Experimental Results
Here, we briefly talk about experimental observations from nanocrystalline metals using
tensile testing setups. Then, we specifically talk about the results on nanocrystalline gold
samples in the literature, and we compare our results. Eventually, for comparison purposes
we talk about results from single crystalline gold samples.
At the times of the earliest tensile tests on nanocrystalline metals, the word “nanocrys-
talline” did not even exist [79]; researchers at that time simply called these metals “poly-
crystalline” metals. The discussions were about the precision of the results, the performance
of the tensile test setups [80], effect of the specimen size on the mechanical properties, and
variations in the mechanical properties [78, 79]. Ever smaller sample sizes required the de-
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velopment of new experimental capabilities to improve the precision and resolution of the
experimental setups. Hence, in the last two decades, experimental [84–95] closely com-
bined with computational research [91, 93, 94, 96] has been done on mechanical properties
of nanocrystalline metals. The common conclusion from the experimental studies was that,
the nanocrystalline structure of materials exhibit superior mechanical properties compared to
coarse-grained structures. However, inhomogeneous microstructure, sample size [89], intrin-
sic porosity and mesoscale microcrack coalescence, flaw assisted failure [88], imperfections
introduced during synthesis or later heat treatment [86, 87] limit the strength of nanocrys-
talline material and prevents the development of nanocrystalline materials with properties
that approach the intrinsic strength [85].
For first of the tested specimens, the Young’s modulus value obtained from our experi-
mental data is 53.18± 5.11GPa. The ultimate tensile strength is 0.99± 0.084GPa at 3.5%
total nominal strain, which corresponds to 2.6% plastic nominal strain at failure. Contin-
uous hardening is observed during the plastic deformation of the sample. For the second
of the tested specimens, the Young’s modulus value obtained from our experimental data is
39.97± 3.83GPa. The ultimate tensile strength is 0.81± 0.075GPa at 2.8% total nominal
strain.
In [80], Young’s modulus of approximately 80GPa for 2.5µm thick, and 0.35mm long
gold films was observed. In [78], evaporated gold films in the 50nm - 1500nm thickness
range were characterized and Young’s modulus results ranging from 30GPa to 105GPa, with
most of the results concentrated in the 40GPa to 80GPa range were measured. The ultimate
tensile strength values were between 200MPa to 400MPa, with a maximum of 480MPa, but
the strains at failure were not reported. In [79], vacuum-deposited gold films of 200nm to
5µm thickness range were characterized and ultimate tensile strength values in the range of
220MPa to 300MPa for nanocrystalline samples with failure strain values up to 2.5% were
reported; in general, high work-hardening rates were observed. In [97], 160MPa ultimate
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tensile strength at 1.3% strain for sputter deposited 50nm grain size gold samples was ob-
served. In [98], the effect of different strain rates on mechanical properties of 1.76µm and
0.85µm thick nanocrystalline gold films at room temperature were studied. The Young’s
modulus values were 66± 4.5GPa. For 1.76µm thick films, they observed up to 940MPa
ultimate tensile strength with 2.5% strain, and 700MPa ultimate tensile strength with 6.0%
strain. For 0.85µm thick films they observed ultimate tensile strength values of 950MPa
at 2.0% strain, and 720MPa ultimate tensile strength at 4.5% strain. In [99], the effect of
different strain rates at temperatures ranging from room temperature up to 110C◦ were in-
spected. As expected, both strain rate and temperature affected the mechanical properties
of the 0.85µm thick nanocrystalline gold films. In [14], a membrane deflection experi-
ment to study the effect of different geometrical dimensions on the mechanical properties
of nanocrystalline gold samples was employed. The Young’s modulus results are in the
53GPa to 55GPa range with approximately 350MPa of maximum ultimate tensile strength
at 1% strain from the tested samples. Hence, Young’s modulus results match well with some
of the results for nanocrystalline gold samples in the literature. While high ultimate tensile
strength values (950MPa) were observed for relatively thicker and larger samples, our result
for the ultimate tensile strength of 40nm ultra-thin film is unprecedented for the thermally
evaporated nanocrystalline gold samples.
In this Ph. D. thesis, we also studied with two single crystal nanoscale samples. One of the
specimens is single crystal gold metal, and the other specimen is single crystal gold-silver
alloy. The Young’s modulus of the alloy specimen is 64.47± 5.23GPa, and the ultimate
tensile strength is approximately 0.67±0.043GPa. Discrete strain bursts are observed, giv-
ing an opinion about the critical resolved shear stress of the tested specimen. The Young’s
modulus of the gold metal specimen is 33.42±2.99GPa, and the ultimate tensile strength is
approximately 0.48±0.043GPa.
In the literature, vacuum-deposited gold films from 200nm to 5µm thickness range are
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characterized and ultimate tensile strength values in the range of 200MPa to 250MPa are
reported for single crystal gold samples [79]. In general, high work-hardening rates were
observed. For annealed single crystal gold samples, strain levels of 10% were achieved.
Nanoscale single crystal experiments show ultimate tensile stress range of 100MPa to 400MPa
with extensive amount of straining (up to 20%) [17]. In addition, the measurements show
the discrete strain bursts suggesting the plastic strains occurred intermittently. Similar strain
bursts and drops in the carried load were observed on single crystal gold nanoscale specimens
[24, 100, 101]. More recently, studies on single crystal, ultra-thin (i.e. ∼ 10nm diameter),
gold samples show scattering in the ultimate tensile strength values (from 600MPa to 960MPa)
and extended strain (from 11% to 26%) values for the samples that were tested under good
tensile alignment axis [7].
The Table 7.1 summarizes our findings and shows the results obtained by other studies in
the literature.
7.6 Pre-stress on the Force Sensing Springs
It is known that pre-stress may exist in MEMS structures. For example, in clamped-clamped
beam force sensor in our MEMS device, there is a chance that the clamped-clamped beam
may be under compression or tension. However, supported by verification with our exper-
imental data (See Chapter 6), and the work done in the literature [102], in our analysis we
concluded that the pre-stress is small (if it exists), and we do not consider the pre-stress in
our measurements.
If one needs to take into account the pre-stress on the force sensor, he/she needs to use
nonlinear Von Karman Beam Theory to derive the spring constant for the stress state of the
clamped-clamped force sensor, and needs to know the magnitude of the pre-stress on the
beam to be able to take into account the pre-stress on the force sensor springs.
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Figure 7.1: Proposed force sensor without pre-stress after HF vapor etch release.
Another approach would be to measure the spring constant of the clamped-clamped beam
force sensor with another force sensor such as nanoindenter, as was done by [102]. However,
to be able to put the force sensor under a nanoindenter, the MEMS device needs to be cleaved.
The cleavage may change the stress-state of the whole structure, and hence the stress-state
of the force sensor. Hence, this approach may not be the most suitable approach.
Another approach would be to choose a force sensor such that the residual stress on the
force sensor would be compeletely released in the end of the HF vapor release process.
Specifically, rather than using a clamped-clamped beam as a force sensor, in a next genera-
tion of the designed system, it would be more appropriate to have a force sensor design as
shown in Figure 7.1. This way, even the smallest compressive or tensile stresses on the force
sensor structure would be significantly reduced.
Chapter 8
Conclusions and Outlook
8.1 Conclusions Related to the MEMS Device
In this Ph. D. thesis, we developed an experimental setup for in-situ SEM material charac-
terization which has the potential to be used for in-situ TEM experiments. We designed
and microfabricated monolithically integrated “nanoscale sample-MEMS device pairs”. The
experimental setup is composed of an electrostatically actuated MEMS comb-actuator to
generate the force required to strain the batch-compatible integrated test specimens, and
DIC analysis of SEM micrographs to extract the deformed state of the nanoscale specimen.
In order to determine nominal stress vs. nominal strain data, we used DIC analysis (and the
knowledge of the spring constant of the force sensor) to measure the force carried by the
specimen as well as to extract the relative displacements of the two termini of the nanoscale
sample. Using this experimental setup, we extracted nominal stress vs. nominal strain graphs
of the tested specimens, and we observed the smaller-is-stronger effect from the tested sam-
ples.
The system has the capability to characterize the natural state mechanical behavior of
the nanometer scale samples by significantly reducing the variation in the results due to
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experimental artifacts such as:
• misalignment between the test specimen and the tensile testing platform,
• external sample integration techniques such as platinum deposition, or carbon deposi-
tion,
• manipulation of the specimens with nanomanipulators to carry from one place to an-
other place.
Using electrostatically actuated MEMS tensile testing platform creates an external electric
field in the SEM chamber within the close vicinity of the SEM pole piece. This electrical field
creates artificial distortions on the taken SEM micrographs. We experimentally optimized the
SEM imaging parameters to be able to obtain micrographs that are good enough (i.e. within
the experimental error range) to use for DIC analysis without performing any post-processing
on the SEM micrographs for DIC analysis. Hence, significant amount of complexity related
to post-processing of SEM micrographs is surpassed form the data extraction procedure.
Furthermore, with this experimental setup, we were able to show that FIB patterned thin-
film materials can be mechanically characterized to obtain their nominal stress vs. nomi-
nal strain response in order to experimentally extract material properties of interest such as
Young’s modulus, ultimate tensile strength, and critical resolved shear stress at the nanome-
ter scale regimen.
8.2 Conclusions Related to the Results Obtained from Ma-
terial Characterization
Consistent with the data published in the literature, we were able to extract the nominal stress
vs. nominal strain graphs of the tested materials at the nanometer scale, and we concluded
that the smaller-is-stronger effect exists.
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Consistent with the literature, we concluded that the deposition techniques that are used to
deposit the test materials play a significant role on the mechanical properties of the materials.
This is one of the reasons that our results are close to the results in the literature, while our
results do not exactly match with the results in the literature.
Characterization of batch-compatible integrated specimens is important because the vari-
ations in the experimental data will be due to the mechanical properties of the tested material
rather than any other experimental artifact. If the variations solely due to the material itself
are known, then the flaws in the material manufacturing techniques can be understood, and
better manufacturing techniques may be proposed to be able to reduce the variations in the
mechanical response of the nanoscale materials.
8.3 Outlook
Below, we share our vision about what else may possibly be done with the state-of-the-art
capabilities:
• There is a large set of tools used for micro-tensile testing of nanoscale samples in-situ
SEM/TEM. All of these tools are obviously useful for their own purposes. The advan-
tages of all of these tools should be considered and collected into one single tool. This
way, the setup will show its full potential on the characterization of nanometer scale
samples, as the universal tensile testing machine showed with the characterization of
a wide range of larger scale structural materials [69].
• Herein, we aimed to show the capabilities of the designed experimental setup. Next,
more detailed experimental work with emphasis on the material properties of nanome-
ter scale specimens should be done.
• Capability to have an idealized experimental setup with nominally identical ICs, BCs,
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as well as loading conditions for each test specimen gives us the opportunity to do
many experiments with nominally identical experimental setups, to have insight about
the statistics of the natural state (or intrinsic) mechanical properties of nanoscale sam-
ples,
• Since the most challenging steps of inserting a test sample into a TEM are achieved,
the experimental setup has the potential for in-situ TEM experiments. This potential
of the device should be developed further.
• DIC analysis can be used as local deformation measurement tool. Hence, this type of
experimental setup has the potential to do local deformation observations provided the
samples have the required qualifications.
• We already showed how the tool works with pure gold test samples. However, there
are also debates about the effects of diffused Ga+ ions from FIB milling, and Pt dif-
fusion from Pt deposition technique on the properties of nanoscale samples. With the
experimental setup shown here, FIB milling, and Pt deposition can, independently, be
introduced to samples, to compare with pure samples, and see the effect of each of
these parameters on the mechanical properties of tested samples.
• Provided that the 3D geometrical structure of the samples is known with nanometer
(or atomic) resolution [103], it may be possible to take into account even the surface
roughness of the tested specimens in simulations. This may help to perform more
realistic simulations which take into account even the exact geometrical defects on the
samples, which may improve the match between the experimental and computational
results. These type of studies can be considered as extensions of the computational
and experimental results that are recently obtained by [7, 30].
• In principle, this approach can be generalized to allow mechanical characterization of
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a wide range of classes of materials including monatomic and monomolecular two-
dimensional materials [104–107], thin-film nanoporous [108–110], and single crystal
[111] metals that can be deposited on a substrate with batch-compatible techniques.
Hence, the generalized microfabrication approach gives opportunities to use deriva-
tives of the developed process with many different types of batch-compatible deposited
nanomaterials.
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